Introduction
Barley is mainly used in the production of malted products, flour or flakes for bakery, formulation of dietary products and animal feed. About 90% barley is intended for malting due to the firm texture of grains, presence of hull that protects the grain during the germination process and tradition in brewing (Food Agricultural Drganization of the United Nations, 2014).
Barley is processed into malt by the malting process, which consists of hydration, germination and drying. Malting is a conversion mechanism of starch and protein in barley seeds into amino acids and fermentable carbohydrates to be used in the fermentation process by yeast and production of other components which contribute to the sensory characteristics of the malt (Schmitt & Marinac, 2007) . For barley to germinate, it should keep metabolic activity and germination index after processing, drying and storage.
The processing of barley grain ensures the quality of grain in the removal of dirt, classification and drying. The removal of moisture barley should be made until the grain reaches 12% humidity so that equilibrates the product with the air of the ambient in which it will be stored, thus maintaining the physical and chemical characteristics of grains for a long period and seed viability (Souza e Silva, 2008) . If the grain is damaged at the time of drying will reduce the germination rate impairing the process of malting.
The drying phenomenon is based on the moisture removal from the interior of the food by drying air, requiring the knowledge of the initial and final (equilibrium) content of moisture of the material, relationship of water with the solid structure and transport of water from the interior of the material to its surface (Park et al., 2001 ).
Drying curves relate to the behavior of the material which was dried, and are obtained by data of moisture content of a product subjected to drying, in which the mass of the sample is continuously recorded as a function of time. In turn, drying rate curves are obtained by deriving the moisture data as a function of drying time (Park et al., 2007) . Drying may be performed in a conventional way or intermittently.
In the conventional dryer, the grain is constantly under the action of heat until moisture content reaches the desired value. The product passes through a flow regulating mechanism that determines the exposure time to air drying, also called residence time. Continuous drying is suited for large amounts of product and has the advantage of reducing the total drying time due to elimination of steps of loading and unloading of the dryer. Dn the other hand, during continuous flow drying, there is a difference between moisture located on the surface and that inside the grain. The surface which is in direct contact with the air dries more than the central part (Souza e Silva, 2008) .
In intermittent dryers, the product passes several times through the dryer prior to complete drying. Thus, the grain undergoes the action of heat during short time intervals, interspersed with rest periods, that is, the grain mass does not come into contact with the heated air during this period (Souza e Silva, 2008 periphery of the grains with higher moisture content, as a result of migration thereof from the center to the periphery during the product resting. This moisture redistribution, in addition to facilitate drying, reduces the occurrence of cracks due to the decrease in internal stresses in the grain. Intermittent drying is very effective, because it saves energy and the final product has better characteristics of nutritional value, color, sugar content and physical characteristics including size and lower number of cracks (Kumar et al., 2014; Souza e Silva, 2008 ).
Drying can be described by mathematical models, which have proved efficient in analyzing drying. Phenomenological models consider the elementary stages of mass transfer by diffusion or convection.
In this context, this study aimed to evaluate the drying kinetics of barley grains in conventional and intermittent drying methods through mathematical modeling and to observe the effect of high drying temperatures on seed germination index for malt production.
Material and methods
This study was conducted with the cultivar BRS BRAU donated by the Agricultural Cooperative located in Guarapuava, State of Paraná. The cultivar comes from the growing season of January 2015. All samples were stored 5 °C until the tests.
Physical and chemical composition, germination energy and germination index of Barley seeds
The chemical composition was evaluated according to the method of the Association of Dfficial Analytical Chemists (Association of Dfficial Analyticasl Chemists, 1995). The moisture content was determined by the oven drying method at 105 °C; protein, by the micro Kjeldahl method using a conversion factor of 6.25; lipids, by Soxhlet extraction; ash, by furnace incineration at 550 °C.
For determination of the barley germination energy, it was used the adapted EBC method (European Brewery Convention, 1998) , with a hundred grains selected and germinated in Petri dishes of 90 mm with two layers of filter paper wetted with 4 mL water. The sample was placed in a temperature controlled environment at 16 °C for three days. Germinated seeds were counted after 24 h, 48 h and 72 h. The counting after 72 hours estimates seed germination energy.
The germination index was calculated from the results of germination energy by the EBC method (European Brewery Convention, 1998) In which n 24 , n 48 , n 72 are the number of seeds germinated within 24h, 48h and 72h.
Drying kinetics
Tests were carried out in an air circulation oven TECNAL TE-394/3(Brazil) with controlled temperature. In each test, was dried 300 g barley grains at 40, 60 and 80 °C. An experiment was performed with conventional drying in the continuous system and the other with intermittent drying. In intermittent drying, grains were exposed to the drying temperature for one hour and then left at rest for an hour at room temperature in desiccator to not get wet, this process being repeated until the end of drying. The tests were performed in duplicate for each temperature, totaling the collection of four samples for each analysis time. Samples were collected every 30 minutes in the first four hours and then every hour until the end of drying. Moisture and density was analyzed in the samples taken.
Determination of moisture content
The moisture content of the barley samples was determined in quadruplicate using the method ADAC 925.10 (Association of Dfficial Analyticasl Chemists, 1995) on dry matter percentage.
Determination of density, volume, average radius and Protein
To determine the density of grains, at each sampling time, were taken approximately 50 units of barley grains. These were weighed and then evaluated for their volume using a 50 mL-measuring cylinder initially containing 10 mL distilled water. Absolute density was calculated by dividing the mass of grains by the volume of water displaced, in which it was measured the volume displaced after the introduction of the grains. The average radius was evaluated from the volume of a grain considering it to be spherical. All analyzes were made at room temperature. Protein analysis was performed after the drying process by the micro Kjeldahl method using a conversion factor of 6.25 (Association of Dfficial Analyticasl Chemists, 1995).
Mathematical modeling

Phenomenological models
Phenomenological models consider the elementary steps of mass transfer by diffusion (Fan et al., 1962; Hsu, 1983) .
Diffusion model
Diffusion of water in a sphere can be represented by Equation 2.
The general solution of Fick's second law in spherical coordinates is obtained by Crank (1975) and given by Equation 3I:
D e is the effective diffusivity, M is the moisture content as a function of time, r is the radial coordinate and t is time. An analytical solution can be obtained assuming the particle as a sphere, considering constant volume during hydration, constant diffusion coefficient and independent of concentration and mass transport resistance negligible in the liquid-solid interface. Thus, it is obtained the total amount of water that diffuses into the spherical grain at a given instant. In the case of a long hydration time, the solution presented in the form of summation may be simplified by using only the first term given by Equation 4 with an error lower than 0.1% (Bello et al., 2004) .
M t is the moisture content as a function of time (g/g), M 0 is the initial moisture content (g/g), M s is the moisture content at saturation (g/g), D e is the effective diffusivity (m 2 /s), t is the time (h), r is the radial coordinate (m). Effective diffusivity was calculated by Equation 5 using slopes of a linear regression of ln (MR) on time. Usually, the effective diffusivity is used, because the limited information of the moisture moving mechanism during the hydration process. Temperature is a critical parameter that affects the diffusion in food. The dependence of diffusion on temperature is described by the Arrhenius equation, Equation 6.
D e is the effective diffusivity, D 0 diffusivity at the reference temperature, E a activation energy, R g universal constant of gases, T g temperature (K).
Omoto model
Starting from a mass balance in transient regime for the water contained in the grain and, considering the water concentration as uniform inside the grain, it is obtained Equation 7, which is the basis of the mathematical model developed (Dmoto, 2006; Dmoto et al., 2009 ). This equation represents the variation in the mass of water in the grain (ρAV) over time (t), where A is the external area of the grain; V is the grain volume; and NA is the water mass flow (Kg.m
Considering the constant volume, the spherical grain geometry with radius ro, setting the mass flow as NA = Ks (ρeq -ρA) and making up these substitutions in Equation 7, one comes to the final model described in Equation 8. This model has two parametersI: the mass transfer coefficient Ks (m.h -1 ) and the water concentration in the grain at equilibrium, ρeq, (kg.m ) and can be solved by taking as initial condition that at the start of drying, t = 0, the concentration of water in the grain is uniform and known, ρA = ρAo.
Importantly, the model of Dmoto (2006) was initially developed for hydration of grains, but it can be easily adapted to the drying process, by including a minus sign in Equation 8, whose analytical solutions can be readily obtained. Dscarsson et al. (1996) and Andersson et al. (1999) , Montanuci et al. (2013) , Montanuci et al. (2014a) , for different cultivars grown in different climatic conditions. Figure 1 depicts the conventional and intermittent drying kinetics, the results are presented in g/100g and when multiplied by 100, we obtain the result as a percentage (g/100g*100). At 40 °C, a longer drying time was required compared to the other temperatures, as well as in the intermittent experiment. In conventional experiments, moisture on a dry basis was 11.3% with 4 hours of drying at 80 °C, 11.2% with 7 hours at 60 °C and 15.3% with 11 hours at 40 °C. In this way, obviously, at 40 °C, it is necessary a longer drying time to achieve a moisture content of 13% on a dry basis, being suitable for storage for a long time without molding. In the intermittent drying at 80 °C, the grain moisture reached 11.5% on a dry basis with 6 hours; at 60 °C moisture was 12% with 7 hours and at 40 °C, 15.9% moisture with 12 hours.
Results and discussion
Physical and chemical composition
Drying kinetics, germination energy and germination index of barley seeds
In agreement with Markowski et al. (2010) , there is a clear effect of temperature on drying kinetics; the higher the temperature, the shorter the drying time. All drying curves are characterized by a distinct initial heating phase, followed by a rapid stabilization in the second phase.
Values of germination energy and germination index, for conventional and intermittent drying, in Table 2 , show the influence of time in drying hours. Germination energy and germination index ranged from 93 to 82% and 4.39 to 4.26% in drying at 40 °C, 93 to 63% and 4.49 to 4.14% in drying at 60 °C, and from 9 to 5% and 3.08 to 2.50% in drying at 80°C. The lower the drying temperature, the higher the seed germination energy. The drying temperature of 80 °C is very high for the drying process, by damaging the cell structure and impairing seed germination. In the beginning of the drying process, moisture is high because the grains were soaked unable to activate the metabolism to germinate, so the seeds have lower germination Values of activation energy are not enough, but express the level of post-harvest maturation and acceptability of a given malt sample. For this reason, the germination index is entered as a characteristic of germination rate. According to Frančáková & Líšková (2009) , the germination index is considered the best indicator of the depth of dormancy. High germination index values refer to high quality and homogeneity of the malt.
The protein content analysis (Table 3 ) checked for the influence of high drying temperatures on the final protein content. There was a decrease in the content in all treatments, influenced by the drying time. Drying at 80 °C showed higher protein content than in other temperatures because the drying time was shorter, averaging 5 hours, while at 40 °C and 60 °C, it took 12 and 7 h to dry, respectively, indicating an average reduction of 16% protein content. There was no difference in the reduction of protein content between conventional and intermittent processes. Excessive drying of a product at very high temperatures damage the material, which thereby will have lower density. Figure 2c , d shows the decrease in grain radius considering the grains as spherical. In both experiments, the grains have shrunk during the drying process, influenced by temperature. In conventional experiments, there was a reduction from 2.5, 6 and 7 hours, with moisture content of 21.8, 17.5 and 16.1% on drying at 80, 60 and 40 °C, respectively. In the intermittent experiment, the decrease was gradual with 2.5 hours and after 6 hours drying at all temperatures.
According to Markowski et al. (2010) , the grain size during drying decreases mainly in the first phase, suggesting that there is no internal or external mass transfer resistance in this period. It can result in apparent moisture on the surface of the grains Table 2 . Germination energy (EG%) and Germination Index(IG%) for every drying hour. with increasing cohesiveness in the surface layer, after a short drying period, the free moisture is evaporated.
Diffusivity
Diffusivity is an important transport property, and information of this property is needed for the design and optimization of all processes involving the internal moisture movement (Prasad et al., 2010) . The graph of Ln [(Mt-Ms)/(M0-Ms)] versus time shown in Figure 3a , b generates a straight line, from which, it can be calculated the value of the effective diffusion coefficient. According to Markowski et al. (2010) , knowledge of diffusivity of grain moisture is essential to describe the moisture transport phenomenon of grains during drying or hydration.
The diffusivity coefficient (Table 4) varied between 4.55 and 5.43 E-08 m 2 /s, in conventional drying, and between 2.43 and 5.47E-08 m 2 /s, in intermittent drying; the higher the temperature, the greater the diffusivity. According to Prasad et al. (2010) , the increase in temperature changes the diffusion rate and affects the absorption behavior. An excessive temperature increase can damage the integrity of the structure, promote gelatinization of starch and affect weight gain behavior.
The model of Crank (1975) considers a constant and uniform temperature during the drying time, and it is not applied to intermittent drying that varies the temperature between heating and room temperature. In Figure 3c , it was calculated diffusivity for each drying interval, first hour with heating, second hour at room temperature and so on. The diffusivity was higher at drying temperature and decreases at room temperature. In the first two hours, diffusivity had values near the oven temperature and at room temperature, in the third hour, diffusivity at 60 and 80 °C decreased because the grains lost heat at room temperature, and took long to reach the oven temperature; in the fourth hour, when the beans have already equilibrated the temperature again, showed diffusivity similar to the initial. It represents a disadvantage of intermittent process, with a slower drying, but the final grain quality is better compared with the conventional method.
Omoto model
The values of diffusion coefficients (Ks) obtained at each temperature and their respective coefficients of determination (r 2 ) are presented in Table 5 . The r 2 values ranged from 0.936 to 0.959, indicating good fit of the model to experimental data. The Ks values increased with temperature rise, indicating increased initial velocity of water desorption of grains at higher temperatures.
Similarly to the model of Crank, the Dmoto model considers uniform moisture content and temperature, so it was calculated Ks values for the first four hours for the intermittent process. Values of diffusivity over time are illustrated in Figure 4a . As well as in the model of Crank, diffusivity was similar in the first two hours, in the third hour, it fell due to loss of heat to ambient temperature, and in the fourth hour, it showed intermediate values between the first and second hour.
It can be seen that Ks has an upward trend depending on the temperature, which can be well correlated from fitting a mathematical equation similar to the Arrhenius, Equation 9. obtaining good fit to the experimental data r 2 . The K 0 values were 0.037 m/h in the conventional drying and 0.0011 m/h in intermittent drying.
Despite the importance of knowing the Ks for the design, simulation, optimization and analysis of processes involving the hydration of grains, there are few studies in literature as Dmoto (2006) and Dmoto et al. (2009) addressing the determination of this transport property, pointing to the need to expand the studies on this subject.
Conclusion
Drying kinetics at 60 and 80 °C was faster and reached moisture close to ideal for storage; at 40 °C, drying took 12 hours still requiring longer to reach moisture of 13% for storage. The drying temperature affected the germination power after drying. The lower the drying temperature, the higher the seed germination energy. Drying at 40 °C resulted in the highest values of germination energy and germination index. Density and volume occupied by grains decreased slightly during drying kinetics, the radius was influenced by the temperature; in the last drying hours, at all temperatures, we observed decrease in radius. The protein content was influenced by the drying timeI: the longer the drying the greater the protein loss. The diffusivity coefficient varied from 4.55 to 5.43 E-08 m 2 /s, in the conventional drying and from 2.43 to 5.47 E-08 m 2 /s, in the intermittent drying, the higher the temperature, the higher the diffusivity. In the Dmoto model, Ks values increased with rising temperature, which indicates increased initial velocity of water desorption of grains at higher temperatures. The study of the drying process barley grains is important, because with them we can optimize the drying process on suitable temperature and time, improving the final quality of the grain and the germination rate for the malting process.
